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ABSTRACT 


This research was an investigation of the fatigue charac- 
teristics of warm rolled high-magnesium aluminum-magnesium 
alloys. Particular emphasis was placed on study of the 
Mmeroestructural changes which occur during cyclic loading. 

The study was conducted utilizing a simple binary alloy, 
A1l-10.2 wt pct Mg, and a ternary Al-8.14 wt pct Mg-0.40 wt 

pet Cu alloy. Both alloys were given similar processing; in 
particular, both alloys were examined for two rates of quench- 
ing to determine the effect of cooling rate from the homogeni- 
zation temperature on the tensile properties and fatigue 
Smaeacteristics of the alloys. 

The primary strengthening mechanism in the high-magnesium 
aluminum-magnesium alloys was determined to be the dislocation 
Substructure developed during warm rolling. In fatigue, the 
elo. 2 wt pet Me alloy appears to exhibit an endurance limit, 
with a fatigue strength to yield strength ratio in excess of 
0.6 in the 011 quenched condition. Microstructural refinement 
achieved through more rapid quenching or through alloying 
additions was found to degrade the fatigue response although 


providing improved strength and ductility. 
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IT. INTRODUCTION 


The purpose of this thesis was to investigate the fatigue 
characteristics of warm worked high-magnesium aluminum- 
magnesium allovs with particular emphasis on study of the 
muemeostrueceural changes which occur during cyclic loading. 
meiates Comducted by wWess [Ref. 1], Bingay [Ref. 2], Glover 
Meet. 3], Grandon (Ref. 4], Speed [Ref. 5], Chesterman (Ref. 6], 
gma Johnson (Ref. 7] provided a basis for continuing research 
Se@OrtS With these allovs bv demonstrating clearly that high 
megenetas With good ductility are achievable through thermo- 
mechanical processing of these alloys. 

The study extends the knowledge obtained from preceding 
Peeeorts |[Rer. 1-7] and utilizes Johnson's [Ref. 7] stand- 
ardized thermomechanical process as a basis for determining 
miecmraeitgue response of ‘Al-10.2 wt pct Mg and Al-3$.14 wt pct 
me-Omee mc pct Cu alloys. Fatigue testing was accomplished 
Via fully reversed bending at 2000 cvcles per minute. 
MacLoseructures of material were studied utilizing optical 
metallographic techniques, Scanning Electron Microscopy and 
Pransmission Electron Microscopy. 

This thesis presents the data obtained from the fully 
reversed bending fatigue testing as well as microstructural 
evidence of the strengthening mechanism which is dominant in 


G@mesiewallieys, “additionally, the observed changes in 
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microstructure for material subjected to low cycle fatigue and 
high cvcle fatigue loading conditions is vresented and provide 


valuable insight for subsequent investigations. 
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II. BACKGROUND 


A. ALUMINUM-MAGNESIUM ALLOYS 

Aluminum and its alloy systems have been the focal point 
of research for several years with the central theme being the 
development of materials with higher strength-to-weight ratios. 
The study of those alloys strengthened by the formation of 
discontinuous second phase precipitates has been directed to- 
wards improved understanding of the nucleation and growth 
kinetics of precipitate formation and relating the morphology 
Beetic precipitates to the material properties and characteris- 
tics of the alloys [Ref. 8]. The ultimate goal of developing 
materials with higher strength-to-weight ratios 1s the achieve- 
ment of more efficient structural designs- the benefit of which 
is most significant when applied to the aerospace industry. 

The aluminum-magnesium alloy system is of interest since 
Bie addition of magnesium to aluminum results in a decrease in 
density and also results in alloys of good strength, corrosion 
resistence, toughness and weldability. The equilibrium phase 
diagram (Figure 1) shows the solubility of magnesium in 
aluminum to decrease from its maximum of about 15 wt pct. 
magnesium at the eutectic temperature (451°C) to a value of 
imcewtepet. Magnesium at 100°C. The decreasing solubility of 
magnesium in aluminum as temperature decreases provides the 


driving potential for second-phase precipitate formation. 
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(eeroys in which magnesium is utilized as the primary alloy- 
ing element long have been commercially available (the 5Sxxx 
series alloys) and display excellent resistance to general 
corrosion and stress corrosion cracking, excellent workability 
and good fatigue strengths [Ref. 9]. The machinability, work- 
ability and resistance to stress corrosion cracking decrease 
as the magnesium content is increased [Ref. 9 and 10]. The 
higher volume fraction of second phase particles resulting 
from increased magnesium contents contribute to the decreasing 
machinability and workability. On quenching, magnesium segre- 
gates to the grain boundaries and the alloy reacts in a manner 
Similar to sensitized stainless steel, with decreased resis- 
minee tO Stress corrosion cracking [Ref. 10]. The 5xxx series 
alloys (work hardenable alloys) are therefore, limited to less 
than about 5 weight percent magnesium [Ref. 9 and 10]. 

Aluminum-magnesium alloys containing greater than 5 weight 
percent magnesium respond as precipitation hardenable alloys 
@meeto the additional driving potential for precipitate 
formation created by the increased magnesium contents [Ref. 10]. 
Under conventional methods of age hardening, the workability, 
Machinability and resistance to stress corrosion cracking 
follow the trend described above. Furthermore, strength 
increases and ductility decreases as the magnesium content is 
increased up to 14 weight percent. Alloys containing greater 
than 14 weight percent magnesium have been found to be too 


brittle to determine tensile properties [Ref. 10]. The use of 
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aluminum-magnesium alloys for age hardenability has not been 
widespread due to the relatively poor material properties they 


possess when compared to the 2xxx and 7xxx alloys. 


B. PREVIOUS WORK 

Ness [Ref. 1] initiated work in this area with an investi- 
Matnom of the influence of thermomechanical processing on an 
aluminum -18 wt pct alloy. This work attempted to apply con- 
cepts developed by Bly, Sherby and Young [Ref. 11] in their 
work on high-carbon steels. Essentially, this consists of 
mechanical working of an alloy composition at temperatures 
where two phases are present; mechanical working then results 
in microstructural refinement and subsequent improvement of 
mechanical properties. Ness [Ref. 1] demonstrated that micro- 
Structural refinement could be accomplished in such an alloy 
and reported compressive strengths in excess of 95 KSI (655 
MPa). The central problem was, however, that very slow 
rolling was required to avoid cracking of the material during 
processing. 

Bingay [Ref. 2} and Glover [Ref. 3] examined variations 
on the thermomechanical processing used by Ness and sought 
COnditions to facilitate processing of the material. Bingay 
[Ref. 2] employed both isothermal and nonisothermal forging 
PeeorerO rolling in an attempt to refine microstructures of 
mibbeysewcemeaimineg 15 to 19 wt pet magnesium. With such alloys 


containing more than the maximum solubility of magnesium the 
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desired refinement was not obtained and the recommendation 
was made that alloys containing less than the maximum solubi- 
lity of magnesium (i.e. less than 15 wt pct) be examined and 
that the process be modified to include solution treatment 
prior to deformation processing in the two-phase condition. 
mrover (Ref. 3] reported mechanical test data on a series of 
Meotnermally forged alloys containing from 7 to 19 wt pct 
magnesium and noted several characteristics of superplastic 
materials, especially in the higher magnesium alloys. 

Grandon [Ref. 4] combined the recommendations of preceed- 
Mes eritoOrts in a study of alloys containing 7 to 10 wt pct 
magnesium. He introduced a twenty-four hour solution treat- 
Mmementollowed by quenching, reheating and warm rolling at 
300°C. This work demonstrated that such processing could 
result in materials with high strength and good ductility. 
Alloys containing larger amounts of magnesium were examined 
by Speed [Ref. 5]. Such alloys were readily worked at 
mmpenatiunes above the solvus but during warm rolling severe 
edge cracking and alligatoring occurred and the limited 
tensile data obtained suggested generally poor ductility in 
12 wt pct magnesium alloys. 

Several questions were raised in the work described above 
regarding the nature of precipitation and recrystallization 
in these high magnesium alloys. Chesterman [Ref. 6] addressed 
these questions and concluded that recrystallization does not 


Secteur Inemaetormation at any temperature below the solvus 
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aor Magnesium in alloys continuing up to 14 wt pct magnesium. 
Also, cold work followed by annealing would not induce recrys- 
tallization if the annealing temperature were below the solvus. 
This rather surprising result was obtained even in alloys 
where such annealing would take place at temperatures above 

0s. 6 Ty where Ty is the melting temperature for the alloy. 
Beeener, precipitation always replaced recrystallization as 

the means by which stored energy was released. 

Johnson [Ref. 7] successfully consolidated the results 
Meeeained by his predecessors [Refs. 1, 2, 3, 4, 5, 6], and 
developed a standardized thermomechanical process for high 
magnesium, aluminum-magnesium alloys. He applied this stand- 
ardized process to six alloys in which magnesium is the major 
meroying e€lement, with magnesium additions ranging from 8.14 
Medeit percent to 10.4 weight percent. He produced alloys 
which exhibited yield strengths exceeding the strongest 5000 
series commercial alloys by more than 200% and yet maintained 
Mm@aerate ductilities. His process consisted of solution treat- 
meme Ot the alloy for 10 hours at 440°C, with an isothermal 
Upset forging at 440°C after nine hours of solution treatment. 
The material was subsequently quenched to room temperature 
mide thien warm worked in a rolling mill to final plate thickness. 
Warm rolling temperatures ranged from 200°C to 340°C. He 
mona that GOntrolling the precipitation of the fine "beta" 
micermetalic to be the most significant factor in obtaining 


the best strength and ductility. A more comprehensive 








Sr 


description of the thermomechanical process which he employed 
memeeresented in the "EXPERIMENTAL PROCEDURES” section of this 
thesis. Johnson [Ref. 7] recommended that a fatigue study 

on high magnesium, aluminum-magnesium alloys be conducted 
utilizing the standardized thermomechanical processing scheme 
as a basis for obtaining the initial material properties. He 
further recommended that a study of the effects of quenching 
rates be conducted to determine the effect of quench rate on 


microstructure and material properties. 


ee FATIGUE IN ALUMINUM ALLOYS 

Fatigue is defined as the progressive permanent damage of 
Sematerial which occurs due to cyclic loading [Ref. 12]. The 
loading conditions are such that the material is subjected 
to stresses which cycle between minimum and maximum values, 
possess a tensile component and cause local plastic deforma- 
tion. The process of fatigue may be divided into three stages 
(Ref. 12]. 

Stage — is the crack initiation stage. It is characterized 
Pyeechne piling up of dislocations along the surface (microslip) 
meeating microscopic cracks at 45° to the maximum tensile 
Stress component. Typically, crack growth in this stage will 
be from one to five grain diameters in depth and will give the 
appearance of a slip plane fracture (smooth and silky appear- 
miecin ine crack is propagating by shear in stage one. Stage 


one initiation is strongly dependent upon the surface finish 


and strength of the material [Ref. 12]. 
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pease [1 is the crack propagation stage. In this phase 
Memeeaticgue, crack growth is under plane strain conditions and 
occurs perpendicular to the maximum tensile stress component. 
On a macroscopic scale, beach marks may be evident (usually 
meer Spectrum loading conditions) and microscopic striations 
indicate the step wise crack growth with each loading cycle. 

pease (11 is the final fracture and occurs when crack 
growth under Stage II progresses to the point where the con- 
aumemons fOr fast fracture are satisfied, i.e. the crack length 
and maximum stress in combination reach the fracture toughness 
Of the material. Failure may be by either ductile or brittle 
overload. 

The analysis of the fatigue properties of high strength 
aluminum alloys is complex since a consideration of the inter- 
action between crack growth pehnomenon and the precipitates 
meh strengthen the alloys is required [Ref.s 8, 13, 14, 15]. 
Commercial alloys containing high levels of iron and silicon 
imemraities have been found to exhibit substantially reduced 
meneame properties [Ref. 8]. This 1s attributed to the forma- 
mEOMmot Goarse intermetallic particles which do not contribute 
momotGenetieanma either fracture Or separate from the matrix 
at low levels of local plastic strain. 

The aluminum-copper-magnesium alloys (the 2xxx series) 
Samibitetaticeue characteristics which are sensitive to the 
state of age hardening. For these alloys, the maximum fatigue 


strength occurs before the intermediate phase forms and the 
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iiemum tatigue strength occurs with the formation of coherent 
CuMgAl, precipitates [Ref. 16]. The presence of CuMgAl, phase 
Meeprades fatigue life by providing localized stress concentra- 
tions which serve as crack initiation sites and may accelerate 
crack growth. The precipitates form as sharp-cornered plate- 
lets. Additionally, retrogression and reformation of GP zones 
under cyclic loading is found to occur in these alloys [Ref. 
eG) . 

The aluminum-zinc-magnesium alloy system displays no 
endurance limit and reported values for fatigue strength vary. 
Values reported depend upon the method of testing, frequency 
of load reversals, surface defects and the testing environ- 
Murm ket, 17}. For these alloys, the formation of slip bands 
in which fine precipitates are redissolved and subsequently 
meapmecipitated as coarse particles preceeds fatigue failure 
ect. 17). Under certain conditions, grain boundary sliding 
Can be induced in aluminum-zinc-magnesium alloys at room 
memperature which will subsequently develop into intergranular 
meeneue tailure under cyclic loading [Ref. 18]. 

iniereased precipitation under cvclic loading can occur 
in high magnesium, aluminum-magnesium alloys. Stubbington 
[Ref. 19] found that fatigue deformation of an Al-12.5 wt pct 
Me alloy produced a fine, homogeneous distribution of 
precipitates as a result of the formation of many suitable 
muemedtwonmesites by the cyclic stress. This reduced "the 


Mmetbvatronmneriod for hardening’ and increased the slope of 
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Bee fdecness wersus time curwe [Rer. 20]. The nucleation 
Pyeecs produced under cyclic loading were thought to be the 
dislocation loops ‘so commonly produced by the fatigue stress 
[Rer. 20]. 

Aluminum-magnesium allovs with less than about 5 weight 
Percent magnesium displavw an “abnormally small resronse to 
mee Hardening , and exhibit high Fatieue strengths [Ref. 13]. 
Seeess versus number of cyrcles’to failure curves for these 


eeeress Sxhibit “true endurance limits which is uncommon for 


mem-ferrous Materials” [Ref. PS]. 





Pe exe ER IMENTAL ROCEDURES 


fees ERTAL PROCESSING 

fiemaitoys selected for study were Al-10.2 wt pct Mg and 
eo. l4 we pet Mg - 0.40 wt pct Cu, and were obtained as direct 
mers Cast ingots 127 mm (5 in) in diameter by 1016 mm (40in) 
in length. The ingots were produced by ALCOA utilizing 99.99% 
pure Al as a base metal and were alloyed using commercially 
pure copper and magnesium, 5% beryllium-aluminum master alloy 
ena so titanium -0.2% boron-aluminum rod [Ref. 7]. The as- 
meceived compositions of the alloys are shown below with alloy 


additions in weight percentage [Ref. 7]. 


SERIAL NUMBER Si Fe Cu Mg HSL Be 
501299A 0.01 05 O00 10,27 sO woods 
501303A 0.01 0.03 0.40 9.14 0.01 0.0002 


The as-received ingots were sectioned to produce billets of 
Peme(o. 75 in) length by 32 mm (1.25 in) by 32 mm (125 mm) 
Bessection to facilitate subsequent thermomechanical vorocessing. 

The thermomechanical processing scheme employed was that 
developed by Johnson [Ref. 7]. Briefly, the as-cast billets 
mene Solution treated at 440°C for nine hours. The billets 
were then isothermally forged at 440°C from a length of 96 mm 
nes ini) to a maximum height of 32 mm (1.25 in) to vrovide 
hot work and break uv the dendritic, as cast microstructure. 


After forging, the billets received an additional one hour of 
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annealing at 440°C to ensure complete solutionizing. The 
Seeebcts were then quenched to room temperature utilizing 
either oil or water as a quenching medium. 

The forged billets were further deformed following the 
warm rolling procedure develoved by Johnson [Ref. 7]. <A warm 
rolling temperature of 300°C was selected to examined the 
fatigue response of allovs processed at an intermediate temvera- 
fune With respect to the range of rolling temperatures utilized 
by Johnson [Ref. 7]. The warm rolling was accomplished bv 
first heating the billets to the rolling temperature. This 
required placing the billets in a preheated furnace for 10 
Meemices Drior to the first pass through the rolling mill. 
Further consideration of temnerature loss which occurs during 
each pass (since the mill rollers are not heated) required a 
twO-minute interval in the furnace between passes to permit 
miewoatlet temperature to stabilize at the desired rolling 
temperature. This temnerature loss was found to average 
Pepuosimately 20°C per pass by Grandon [Ret. 4] and the inter- 
Pal between passes required to restore the billet to the 
reouired temperature was determined by Johnson [Ref. 7]. These 
are average values and were easily verified by taking tempera- 
mimcomseadines on the billet surfaces before and after each bass. 


(Each pass through the mill requires approximately 15 seconds.) 


To maintain straightness of the billets as they were rolled, 


a four-pass sequence was utilized [Ref. 7]. This sequence 
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consisted of "passing each end of the billet through the 
meeting mill and then turning it over and repeating the same 
Meeectrn (Ref. 7}. Final thickness was 0.140 in (3.6 mm) 


memati! cases. 


fee LENSILE TESTING 

Tensile specimens were machined from sections of each 
rolled plate to compare data obtained from this project with 
the previous results obtained by Johnson [Ref. 7] and to 
served as a basis for predicting the fatigue behavior of the 
alloys. The tensile specimens were machined with a 38 mm 
1.5 in) gage length and testing was accomplished utilizing 
a model TT-D Instron Floor Model testing machine and a cross- 


head speed of 5 mm (0.2 in) per minute. 


wee FAL IGUE TESTING 
iMemesen election and Specimen Pesion 

The selection of a method of testing the fatigue 
properties of the alloys was dictated by the material pro- 
cessing scheme employed. The most suitable test for fiat 
plate is one of fully reversed bending, in which a tapered 
cantilever beam with the load applied at the apex of the 
Eriangular shape.. formed by extending the sides of the 
tapered test specimen [Ref. 21]. The specimen design se- 


meeued 1s Shown in Figure 2. 
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Wee atcieue Testing Procedures 


Boroue testing was aecomplished utilizing a Tatnall- 
Mmeouse Variable Speed Plate Fatigue Testing Machine with a 
mao load Capacity. The machine is of the fixed deflection 
type and uses the specimen as its own dynamometer. 

The machine is calibrated with each specimen in its 
test position; the fixed end of the svecimen is clamped in a 
horizontally and vertically adjustable vise which is alligned 
to the apnropriate mean stress level. A variable throw crank 
transmits the loading force of the machine through a rigid 
connecting rod to the specimen. The machine is equipved with 
a cycle counter and an automatic cut-off switch which deener- 
gizes the machine and activates a magnetic brake when the 
specimen fractures. A machine speed of 1980 RPM (was used) 
which equates to 1980 fully reversed fatigue cycles per 
minute. 

Specimen loading is determined by measuring the deflec- 
mmemecaused when a given load is suspended from the "free end” 
Saethe specimen while the fixed end is securely clamped in the 
vise. Then by adjusting the variable throw crank to the same 
deflection with the specimen connected via the connecting rod, 
the desired stress within the gauge length is obtained. 

Siltculatrvons of bending stresses were accomplished 


using the flexure formula [Ref. 22], 


_. Nite 
> ae (1) 


Mg@ewenouicethe tensile stress at the surface of the specimen, 
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Mis the applied bending moment, I is the moment of inertia 
mampm~me cross Sectional area about the centroidal axis, andc 
is half the specimen thickness. Within the tapered gauge 
length, the ratio of M/I remains constant. Therefore, the 
stress at any point along the surface of the gauge length is 


the same. For a rectangular cross-sectional area [Ref. 23], 


b 3 
I = = (2) 


where b is the svecimen width and t is the specimen thickness. 
Pnus the stress equation can be reduced to 
g = 6PL : & 
Dey 
where P is the load applied at the apex of the taper, L is the 





distance from the avex of the taper to clamned end of the gauge 
length and b is the specimen width at a distance L from the 
mone OL load application. Rearranging and solving the stress 
equation for P, we have 


Sibrec . (4) 


ne. 


Due to the length of time required to test a specimen 


to more than 10’ cycles, an estimate of the slope of the fatigue 


curves was made utilizing the Basquin relationship [Ref. 24], 


“a 


Ae og o . 
ae = EN)” 9) 


where E is the modulus of elasticity for the material, o, 1s 


A 


the stress amplitude, oe is the fatigue strength coefficient 
(taken as the ultimate tensile strength for the predictions) 


ania@beiswthe fatigue strength exponent [Ref. 25]. The estimated 
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performance curves were based on the assumption that E for 
these alloys is 10.2 x 10° PSI and b is -0.11. These values 
correspond to those of the 5000 series aluminum alloys and 
were therefore considered conservative. By selecting stress 
values midrange on the estimated curves (which were plotted 
from 10° through 10’ cycles), the initial data points were 
obtained. Then, using the predicted slopes, subsequent load- 
ing conditions could be determined without excessive expendi- 


mare OL materials and time. 


D. METALLOGRAPHY 

Sections of the as rolled plate were mounted to examine 
the longitudinal, long transverse and short transverse micro- 
Structures. Additionally, fatigued specimens were mounted 
menallow Optical examination of the crack growth in both the 
low cycle and high cycle fatigue conditions. 

Metallographic samples were mounted in bakelite. Polishing 
was accomplished utilizing wet sand papers of 240, 400 and 
weoecrit, £Oollowed by 1.0 micron and 0.05 micron aluminum oxide 
Slurries. The final finish was obtained using a magomet slurry 
and an automatic vibromet polisher. The volished snecimens 
were etched with Keller's reagent [Ref. 26] for 35 seconds and 
Seantnactonmwas accomplished utilizing a Zeiss optical 


microscope. 
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Ee FRACTOGRAPHY 

Fractured fatigue specimens from the low, intermediate and 
high cycle fatigue regimes were sectioned and mounted to permit 
examination of the fracture surfaces using a Cambridge S4-10 
Meenning Electron Microscope. The crack growth regions (Stage 
II fatigue) and the overload regions (Stage III) were examined 
and photographed to allow subsequent comparison of the materials 
response in each fatigue regime and to make microstructural 


comparisons where possible. 


eee LJ RANSMISSION ELECTRON MICROSCOPY (TEM) 
ieecoeneral Description 

Memomacn to. Obtain more detailed microstructural infor- 
mation, the Al-10.2 wt pct Mg binary alloy was selected for TEM 
m@ebysis, thin foils were prepared from both oil-and water- 
quenched materials such that microstructural analysis of the 
alloy in five stages could be accomplished. The five conditions 
selected were: as-quenched; quenched and artificially aged; as 
fomiomelled; after low cycle fatigue; and after high cycle fatigue. 

imnerel Lepreparation was aecomlished utilizing a non- 
submerged jet thinning technique in which the foil is thinned 
from one side at a time. The electrolyte used was 1 part 
Pegenlouresacid in 4 parts ethanol, with an applied potential of 
MimvoltsehGsand a current density of approximately 0.1 amperes 
per square centimeter [Ref. 27]. 

Material from each of the previously mentioned conditions 


was sectioned on a plane parallel to the rolling plane 
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Beomesttudinal direction) to produce a thin sheet of material 
approximately0.010 in (0.3 mm) thickness. Sectioning was 
accomplished utilizing a Buehler ISOMET Model 11-1180 Low 
Speed Diamond Saw. The sectioned sheets were then mechanically 
thinned to a thickness of approximately 0.006 in (0.2 mm) 
utilizing 600 grit wet sand paper. This was accomplished by 
using double-stick tape to bond the sheets to a sanding bar 
and then hand sanding to the desired thickness. Acetone was 
then used to dissolve the tape and allow removal of the thinned 
Sheet from the sanding block. Three-millimeter diameter discs 
were then stamped from the 0.006 in sheets for electrolytic 
thinning. 
waeeeeccrolivtic Thinning 

The thinning apparatus utilized was a modified Buehler 
Electromet with the light source and photocells removed. The 
pump housing was wedged in the bottom of the beaker with the 
magnetic impeller in place. One jet was used and the beaker 
was cut to accomodate the installation of a viewing window. 
An external low-power microscope and light source were posi- 
mienea to allow continuous monitoring of the foil as thinning 
was accomplished. This is the same apparatus utilized by 
Vining [Ref. 27] and Schultz [Ref. 28] and is shown along with 
mbewer Supplies in Figure 3. 

Fimal preparation of the 3 mm discs for thinning 
mavGederemoval of all rough edges utilizing drv 600 grit 


sand paper. The disc was then mounted in a Fischione 
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Wlollypop" specimen holder. Figure 4 shows the Fischionl 
ppecimen holder and 3 mm disc ready for mounting. Care was 
taken to ensure that the specimen holder was thoroughly dry 
Mioiae prior to placing the 3 mm disc in contact with the 
meatinum electrode and insertion of the plug. The plug was 
securely tightened to prevent the electrolyte from leaking 
Meound the disc during thinning. 

Five hundred milileters of electrolyte were then 
placed in the beaker and the specimen holder was postioned 
meonroximately 10 mm (0.375 in) from the jet with the 3mm disc 
Centered in the jet stream as shown in Figure 5. 

The desired electrical potential is applied by con- 
necting the cathode lead to the coil which surrounds the jet, 
and connecting the anode lead to the specimen holder. The 
thinning process begins as soon as the pump, line, and DC 
Bwitches on the power supply are positioned on. Best results 
were obtained with a pump speed setting of "5" on the power 
supply. 

To account for slight variations in thickness which 
may occur from the mechanical thinning of the thin sheets, 
the first 3 mm disc from each sheet was thinned from one side 
Sey eand the leneth of time required to achieve penetration 
was measured. Half the length of time required to achieve 
PmeeEaebonearovided an excellent estimate of the time required 
to thin each side and produce a useable foil. The remainder 


of the discs were thinned on one side for the proper time 
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at which point the specimen holder was disconnected and 
removed from the thinning apparatus. The specimen holder, 

plug and foil were washed with ethanol and thoroughly dried 
using an air dryer, and then reassembled with the unpolished 
side of the foil facing the jet. With the low power microscope 
and its light source focused to allow close monitoring of the 
Specimen, thinning was initiated on the remaining side of the 
moet. The line current switch on the power supply was turned 
off at the first sign of penetration (usually detected as a 
Small burst of electrolyte coming through the foil). At this 
point, the specimen holder was again removed from the apparatus 
and dismantled (carefully, to prevent bending the foil). The 
foil was rinsed in ethanol and air dried and then placed in 
@eaesiccator to await subsequent TEM analysis. This must 
usually be accomplished within three days to minimize 
oxidation damage to the foil [Ref. 26]. The specimen holder 
and plug were rinsed in ethanol and thoroughly dried before 
and after each use to prevent contaminants from degrading the 
effectiveness of subseauent thinning overations. 

It should be noted that perchloric acid is highly 
reactive and leaves a powdery residue when it dries which is 
Pooloscive Extreme care was taken to ensure that no electro- 
Mm fe was allowed to dry on Surfaces if spilled. The spilled 
electrolyte was immediately wiped up with a damp sponge and 


then the snonge was thoroughly rinsed with fresh water. 
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mec eolllomaND DisClios ION 


fe MATERIAL PROCESSING 

The standardized thermomechanical processing scheme de- 
veloped by Johnson [Ref. 7] was followed as closely as possible, 
deforming the material to the greatest extent possible with 
Saen pass through the rolling mill. No difficulty was encoun- 
meen processing the Al-10.2 wt pct Mg alloy in either the 
Qil-quenched or the water-quenched condition. This material 
mae processed utilizing a 0.04 in. (1.0mm) reduction in thickness 
Memeo ass throughout the rolling sequence. In contrast, the 
mbao,te we pet Mg -0.40 wt pct Cu alloy exhibited a severe 
tendency to crack when applying the same degree of reduction 
Meine xness per pass. This was apparent in both oil-quenched 
and water-quenched materials, with cracking occurring on the 
ieest OG Second pass. 

Metallographic samples of as-cast materials and as-quenched 
materials (both oil and water) were compared microstructurally 
Pomoc mewneimerigure 6. Figure 6(a) shows the as-cast micro- 
menme@ture tovpe dendritic in nature, typical of a cast material. 
Segregation which roughly corresponds to the distribution of 
dendrites in the original as-cast microstructure is evident 
iieromares O(b) and (c). 

@reiccdwonmtiets ot the Al-8.14 wt pct Mg -0.40 wt pct Cu 


alloy were sectioned and examined metallographically. Figure 





7 shows the intergranular nature of cracking in two billets 
Meera -8.14 wt pet Mg -0.40 wt pet Cu, each of which cracked 
Mmeeemea true rolling strain of 0.08 at 0.04 in.(1.0mm pet mass. 

Mondolfo {Ref. 16] indicates that at 300°C it is possible 
to form the ternary phase CuMg Al | if sufficient magnesium is 
available to form the phase (approximately 9 wt pct Mg from 
Mm@emternary phase diagram for Al-Cu-Mg). With the degree of 
memmecdtion suggested by the microstructural comparison of the 
as-cast and as-quenched materials, it is probable that at 
least some regions of the material favor ternary phase forma- 
tion with grain boundaries providing the most favorable 
nucleation sites. The severe cracking tendency is therefore 
Meertoutadole to ternary phase precipitates forming preferen- 
Beaty tn the grain boundaries with precipitation enhanced by 
an inhomogeneous distribution of magnesium and copper follow- 
maeetme Solution treatment. 

The Al-8.14 wt pct Mg -0.40 wt pct Cu alloy was processed 
by reducing the amount of deformation per pass to 0.02 in. 
(0.5 mm) reduction in thickness per rolling pass. In this 
manner, a sufficient amount of material was processed to 
conduct the remaining experiments. Cracking and alligatoring 
were held to acceptable limits while processing the alloy at 


the reduced rate of deformation. 


B. RESULTING TENSILE PROPERTIES 
Correlation of the results obtained from tensile tests 


with those obtained by Johnson [Ref. 7] was excellent. A 
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somewhat reduced 0.2% yield strength was noted in all samples 
tested and this attributed to a difference in interpretation 
femede Strip charts from the Instron machine. 

Figures 8-1ll are engineering stress versus engineering 
plastic strain plots for the alloys as they were processed. 

ieee 0.2 Wt peteMs alley exhibitsva 0.2% yield strength 
of approximately 46 KSI (317 MPa) in both the oil-quenched 
and water-quenched conditions. Comparison of Figures 8 and 
9 shows the water-quenched condition to be somehwat stronger, 
ere aniibeimate tensile strength of 70.6 KSI (487 MPa) com- 
BemcadstO am ultimate tensile strength of 64.6 KSI (445 MPa) 
for the oil-quenched condition, and the water-quenched 
Material 1S also more ductile than the oil-quenched material. 

Sompearisom of Figures 10 and Il indicates that both the 
oil-and water-quenched Al-8.14 wt pct Mg-0.40 wt pct Cu 
materials possess similar strengths, with 0.2% offset yield 
meremecns of 51 KSI (353 MPa) and ultimate tensile strengths 
of 65 KSI (448 MPa). The water-quenched material here exhibits 
a marked increase in ductility (14.8% elongation) over the 
oil-quenched material (10.5% elongation). 

Figures 12-15 show the microstructures of these materials 
in the as-rolled condition. Little difference in the micro- 
structure is notable from the optical micrographs other than 
a possibly more uniform precipitate dispersion in the 


water-quenched materials. 
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eeesequent transmission electron microscopy analysis of 
meme rolls of the Al-10.2 wt pct Mg alloy in the as-rolled 
@onaition for prior quenching in either oil or water indicates 
an inhomogeneous precipitate dispersionin a diffuse dislocation 
substructure. Figures 16 and 17 show the resulting substruc- 
tures obtained when the alloy was oil-quenched and water- 
quenched from solution treatment respectively. Several regions 
of extremely dense dislocations are evident in foils prepared 
from both oil-quenched and water-quenched materials. In 
these regions the material appears cold worked despite the 
relatively high warm rolling temperature at which it was pro- 
cessed. The light areas which appear at cell nodes are 
believed to be locations which were occupied by precipitates 
dislodged during foil preparation. 

In order to gain a better understanding of the strengthening 
SilaG~aeteristics Of the Al-10.2 wt pct Mg alloy and its 
Beecipitate morphology, rolled plates were solution treated for 
meaouns at 440°C, quenched to room temperature and then aged 
maou © ton 2 hours. Both oil and water were utilized as a 
quenching medium. Thin foils were prepared from the material 
in the as-quenched and aged conditions. 

GP zones were evident in the as-quenched condition with a 
few grain boundary precipitates. Figure 18 shows the GP zones 
in a sample which was solution treated and quenched to room 
temperature in oil. Grain boundaries exhibit sub-micron 


precipitates, and within the grains there are highly angular 
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precipitates clearly resolvable and a relatively low disloca- 
Brom density. It should be noted that the morphology of the 
precipitates found in the as-quenched material supports the 
mesumption that the light regions appearing at substructure 
Mees in the as-rolled materials (Figure 16 and 17) are sites 
maich were occupied by precipitates. 

Figure 19 shows a relatively inhomogeneous precipitate 
Gestribution in the aged materials and also indicates the 
angular morphology of precipitates. Figures 19(a) and (b) 
mee trom toils prepared from Al-10.2 wt pct Mg plate which 
Was sOlution treated at 440°C for 2 hours, oil-quenched and 
aged at 300°C for 2 hours. Figures 19(c) and (d) are from 
foils of the same alloy and similar processing except that 
the quenching medium was water. Note the increased disloca- 
tion density present in the aged conditon (compared to the 
M@e-cuenched Conditions, Fig. 18) with the dislocations being 
generated by the increased volume occupied by precipitates 
forming within the solid solution [Ref. 10 and 29]. 

The primary strengthening mechanism in these alloys 
appears to be the dislocation substructure developed during 
warm-rolling. Precipitate formation occurs at grain boundaries 
and at dislocation cell nodes within the grains, which provide 
the most energetically favorable nucleation sites [Ref. 29]. 
As precipvitates nucleate at the substructure nodes, growth is 
supported by dislocation core diffusion along the cell walls 


and by Mg atoms dragged with disloations as they move to the 
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cell walls and tangle during warm-rolling. Precipitates may 
stabilize the substructure in the alloy but in general they 
appear too large to provide direct strengthening via the 
Orowan mechanism. 

iitesaverage cell Size of o01l1-quenched material was found 
to be about 0.3 um and the average cell size of water-quenched 
Meeerial was found to be about 0.1 um. Comparison of substruc- 
tures for the two quenching conditions is shown in Figure 20. 
Figure 20(a) shows the substructure of Al-10.2 wt pct Mg, 
ea -guenched from homogenization and warm-rolled at 300°C, in 
Momerast tO Figure 20(b) which is the same alloy but water- 
mienched from homogenization, and warm-rolled at 300°C. The 
greater strength and ductility of the water quenched material 
is attributed to the finer substructure developed during warm 
rolling. Additionally, the apparently more uniform precipi- 
tate dispersion indicated in the optical micrographs of 
water-quenched materials (Figures 13 and 15) is attributable 
memcie Closer proximity of nucleation sites (substructure cell 
nodes). The development of a finer dislocation substructure 
in water-quenched material is most probably a result of a 
greater retention of magnesium in solution due to the more 
rapid quench from homogenization temperature. Magnesium atoms 
interact with dislocations and pin them, thus retarding their 
Hommiity jRet. 10, 13]. This increased interaction with 
faclocations results in more rapid tangling and thus the 


fommlation Of more refined substructure. 
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The addition of copper to the aluminum-magnesium system 
provides additional refinement in that copper, when in solid 
solution, tends to retard the diffusion of magnesium [Ref. 16]. 
This results in an effect similar to water-quenching the 
feeeee0.2 wt pct Mg alloy. That is, the introduction of copper 
results in more magnesium being retained in solution when the 
Meo. 14 wt pct Mg -0.40 wt pct Cu alloy is oil-quenched. 
Copper addition also provides increased strength at a cost of 
somehwat reduced ductility [Ref. 16]. 

itemcetining properties of copper combined with those of 
a more rapid quench rate are shown in the marked increase in 
ductility which occurs when the Al1-8.14 wt pct Mg -0.40 wt 
Betecu alloy is water-quenched. The increased strength 
menmmeved through the addition of copper is retained while 


Si@ettlity 1S improved from 10.5% to 14.8%. 


Set 1GUE CHARACTERISTICS 


1. Al-10.2 wt pet Mg Solution Treated, 011 Quenched and 
Manono lied at 500°C 





Figure 21 shows the experimental results obtained 
meom the fatigue tesing conducted on the Al1-10.2 wt pct Mg 
midoy solution treated, oil-quenched and warm-rolled at 300°C. 
The Basquin prediction of the fatigue response (based upon 
the tensile data) is included for comparison. 

iitemaiioy appears to cyclically harden under low 
cycle fatigue conditions, especially when loaded at stresses 


above the yield-strength. This is implied by the degree of 
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improvement in the observed fatigue life over the predicted 
life at high stress loadings. The Basquin pued1 Ctren as 
based on the assumption that the material behaves in a onl eS late 
elastic fashion and therefore the relative appearance of the 
experimental results in contrast to the Basquin curve is not 
Seerucient in itself to be conclusive [Ref. 25]. 

The high cycle fatigue response of the alloy is also 
better than the Basquin prediction and suggests an endurance 
limit beyond 10’ cycles, with a corresponding fatigue strength 
of 30 KSI (207 MPa). At stress below the yield strength of 
the material, the total strain on the specimen approaches the 
Basquin assumption of elastic response. The improved fatigue 
life and fatigue strength observed in the experimental results 
momemenctore CcOnSidered Significant. The behavior observed 
>) Similar to that found in fatigue of aluminum-magnesium 
meboys with less than 5 wt pctiMs as discussed by Boyapati 
and Polmear [Ref. 13]. Additionally, the ratio of fatigue 
strength to vield-strength for this material appears to be 
about 0.6 which is considerably improved over commercially 
available high strength aluminum alloys. 

The cyclic hardening implied under low cycle fatigue 
Conditions was verified by conducting hardness tests on fa- 
tigued and failed specimens. The resulting data is plotted 
in Figure 22. For comparison, the total range of hardness 
values and the mean hardness of the material in the as-rolled 


condition are shown in the cross hatched region of the figure. 
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A Marked increase in hardness is observed when the 
Meplied stress amplitude is substantially higher than the 0.2 
percent offset yield strength of the material. Decreasing 
Mee stress amplitude (increasing the Cycles sce ttarlurejere- 
sults in a lower degree of hardening. Beyond 10* cycles, 
hardness values remain within the range of the as-rolled 
material. 

Precipitation is believed to occur under cyclic load- 
ing, particularly under low cycle fatigue conditions. Figure 
25 shows micrographs of a specimen of Al-10.2 wt pct Mg 
(oll-quenched from homogenization temperature and warm-rolled 
memoo0 Cj) which failed after 3300 cycles at an initial stress 
of 48.5 KSI (354 MPa). The specimen was sectioned and mounted 
to allow microscopic examination of the long transverse section 
such that microstructural comparison of the regions adjacent 
to the main fracture surface and secondary cracks was possible. 
A dramatic increase in the volume fraction of second phase 
particles is evident in the regions adjacent to the main 
meaecture suritace (Figures 23(a), (b) and (c)) and adjacent to 
meeondary eracks (Figure 23(d)). Bands of second phase par- 
Baalec forme perpendicular to the stress axis, are clearly 
evident. The precipitates are 0.5 um to 1 um in diameter and 
it is unlikely that nucleation and growth of second phase 
particles of this size could occur at room temperature ie tire 
run time for this specimen (approximately 1.5 minutes). The 


most plausable explanation for these coarse, banded second 
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phase particles is that nucleation and early growth occurs in 
Slip bands during the fatigue test. Subsequent to specimen 
failure, continued growth at room temperature is enhanced by 
magnesium diffusion along paths of high dislocation density. 
Stubbington [Ref. 19] noted similar behavior in an Al-12.5 

wt pet Mg alloy subjected to fatigue loading; however, his 
specimens were tested in torsion and at lower levels of 

stress amplitude. He observed a fine, homogeneous dispersion 
of second pahse particles in contrast to the banded structure 
meced in this study. 

Examination of thin foils prepared from the fatigued 
specimens provides additional evidence that precipitation 
Mecunrs under low cycle fatigue conditions. Figure 24 shows 
the microstructure of a specimen which failed after 1200 
Cycles of fully reversed bending fatigue at a stress amplitude 
of 55.7 KSI (384 MPa). The foil was prepared to allow viewing 
mremmterostructure in a plane parallel to the rolling plane. 
Maus, the area examined is primarily that of a grain interior 
adjacent to the fracture surface. 

When compared to the microstructures of the as-rolled 
material shown previously (Figure 16), the dramatic increase 
momboth the mumber and size of second phase particles present 
7s evident. Again, the short run time involved during the 
cyclic testing of this specimen does not appear to account Ome 
the coarse nature of the precipitates. This suggests that 


nucleation and early growth has occurred curing the 
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miereue test and codrsening has prohably resulted due to 
enhanced aging at room temperature as previously explained. 
The banded appearance of the second phase particles does 
Support the original hypothesis that initial nucleation and 
early growth occur in slip bands. The cyclic hardening re- 
Sponse of the material under low cycle fatigue conditions was 
Beserved by traversing Sig entire length of specimens and 
taking several hardness readings. The fact that the observed 
hardness was uniform throughout the specimen indicates that 
meetire mardening probably occurs due to the dislocation density 
amecrease and not as a result of precipitation. 

Some supporting evidence that precipitation occurs 
under low cycle fatigue conditions was obtained by Scanning 
Electron Microscopy (SEM) as shown in Figures 25 and 206. 
fmetre 25 1s an SEM fractograph of the fracture surface of 
the Al-10.2 wt pct Mg specimen which failed after 3500 cycles. 
medee il crack growth is shown at different levels of magni- 
fication. Striations are relatively widely spaced and are 
well defined. Coarse bands approximately 1 um wide appear to 
be lying on the surface perpendicular to the striations. 
Additionally, finer, more uniform particles hive on) enemcurt ace. 
The directional nature of the coarse bands and particularly 
their size and orientation with respect to the axis of applied 
stress and direction of crack growth, suggests that they 
correspond to the coarse bands of secondary phase particles 


observed in the optical micrographs shown previously. The 
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more uniformly dispersed, fine particles are believed to cor- 
respond to precipitates which may have nucleated during the 
latter stages of testing and have grown subsequent to the 
failure. 

Figure 26 is an SEM fractograph of the overload eles olieeet 
of the same specimen showing a dimpled pattern characteristic 
of ductile overload failures. Dimples corresponding to voids, 
believed to be initiated by the presence of both coarse and 
Bmice precipitates, are evident. Some smaller precipitates 
are shown lying on the surface adjacent to the coarse dimples 
(top center of Figure 26) and within the dimples as well which 
Supports the assumption that void initiation occurs as a re- 
Bult of the presence of second phase particles. 

As the stress amplitude is reduced and cycles to 
Barure increase, little indication of microstructural changes 
could be observed optically. In the intermediate cycle fatigue 
regime, there was no detectable change in microstructure when 
comparison is made with the as-rolled optical micrographs 
Maeure 12). 

Pine 27 15 a SEM fractograph of the fracture surface 
of a specimen which failed after 1.81 x 10° cycles with an 
mepited stress amplitude of 33.8 KSI (233 MPa). Both Stage Il 
and Stage III regions of the fracture surface are shown. 

Crack growth is primarily transgranular with some grain bound- 
ary separation. Few indications of precipitate interaction 


are visible within the striations in Figure 27(a). The 
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overload region exhibits the appearance of a ductile failure 
(Figure 27(b)), however, few dimples are present and a high 
degree of deformation is indicated. 

Subsequent tests of the same material under high cycle 
fatigue conditions again show little or no microstructural 
emanges from the as-rolled condition. This was found to be 
erue in analyzing specimens using standard optical metallo- 
graphic techniques, Transmission Electron Microscopy and 
Beanming Electron Microscopy. 

Figure 28 demonstrates the characteristic microstruc- 
ture observed in thin foils of specimens tested in the high 
cycle fatigue regime. The microstructures shown in Figure 28 
are of a specimen of Al-10.2 wt pct Mg alloys (solution treated, 
oil-quenched and warm-rolled at 300°C) which failed after 
moe 10° cycles with an applied stress amplitude of 30 KSI 
(207 MPa). The microstructure is remarkably similar to that 
of the as-rolled material shown in Figures 16 and 20(a). The 
average substructure cell size is approximately 0.33 um and 
miere is no appreciable increase in the dislocation density. 

Figure 29 shows Stage I to Stage II transition of 
crack growth in a specimen which failed after 7.6 x 10° cycles 
at a stress amplitude of 31 KSI (214 MPa). Here, some grain 
boundary separation is apparent. Fracture appearance of the 
@rain interiors in this region is ductile with some dimpling 
and deformation (crack growth is from right to left in the 


figure). 
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metre 50 Shows the Stage II and Stage III crack growth 
regions of the same specimen. Crack growth is predominately 
transgranular with some regions of intergranular fracture as 
well. Striations are well defined and Closely spaced (Figure 
30(a), consistent with the fatigue life of the specimen. The 
overload region (Figure 30(b)) appears ductile. 

Crack initiation is this alloy appears to be a result 
of slip band formation which probably occurs through the 
feo ract ion OL pre-existing precipitates near the surface 
(formed during warm-rolling) with dislocations. These pre- 
Sepeates assist in the formation of slip bands by pinning 
@islocations as they move under the applied cyclic loads. 
eider low cycle fatigue conditions, the formation of slip bands 
Will provide energetically favorable nucleation sites for sub- 
Sequent precipitation to occur and the locally increased 
volume fraction of second phase particles may accelerate crack 
propagation rates. As the applied strain (stress amplitude) 
Moereaquced and the number of cycles to failure increased, the 
maeenot Second phase particle formation is decreased. This 
is attributable to the reduced amount of dislocation motion 
amine each cycle. Less dislocation tangling occurs offering 
memwer Tucleation sites for precipitation to occur. Under high 
Selle fatigue conditions, the distances which dislocations 
travel during each cycle are sufficiently small to create a 


Stable system and little or no increase in the dislocation 
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density occurs. Thus, slip band formation is more difficult 
and few new second phase particles form. 

The absence of secondary cracks on intermediate and 
high cycle fatigue specimens indicates that the greatest per- 
centage of the materials life is consumed in EMCVE) Tips ies Elie otiey gle 
Once initiation has occurred, the crack provides its own lo- 
malized stress riser and subsequent propagation to failure 
ms rapid. 

Comparison of the SEM fractographs for the material 
under low, intermediate and high eyele tacreue, conditions 
(Figures 25-27, 29 and 30) indicates a trend towards an 
increased degree of grain boundary separation as the number 
of cycles to failure is increased. Under low cycle fatigue 
conditions, the stress amplitude is higher than the Cememan 
yield-strength of the material, and the deformation incurred 
With each cycle is realtively uniform. Reducing the stress 
amplitude to a level below the general yield-strength increase 
me Significance of localized microstructural stress concen- 
tration. The highly angular precipitates which form (during 
warm-rolling) are mostly found in the grain boundaries. The 
grain boundary precipitates are believed to provide localized 
petess COncentrations which then allow the grain boundary to 


fracture at lower stress amplitudes. 


Pee ec Weypct Meg Solution Treated Water-Quenched and 
Warm-Rolled at 300°C 


Figure 31 shows the experimental results obtained 


from the fatigue testing conducted on the A1-10.2 wt pct Mg 
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alloy solution treated, water-quenched and warm-rolled at 
300°C. The Basquin prediction is included for comparison. 
The response of the alloy when water-quenched from homogeni- 
zation temperature in contrast to the same alloy in the 
oil-quenched condition (Figure 21), implies that the cooling 
fate from solution treatment can have a significant effect on 
the fatigue ‘yelenlent of the material. 

Cyclic hardening appears to occur as indicated by the 
improved fatigue life observed in the experimental results in 
contrast to the predicted response. The subtle difference 
between the fatigue life observed in the water-quenched 
material as apposed to the oil-quenched implies that hardening 
may occur to a lesser extent in the water-quenched condition. 
Due to the high degree of scatter between data points often 
encountered in fatigue testing, this observation in itself 
masenot considered particularly significant. 

The high cycle fatigue response is improved over the 
Basquin prediction but to a lesser extent than that of the 
oil-quenched material (Figure 21). This too, could be attri- 
buted to scatter between data points and was noted as a 
possible trend to watch for during the remainder of the study. 

The experimental results imply that an endurance limit 
may exist beyond 10’ cycles at an applied stress amplitude of 
about 22 KSI (152 MPa). This would result ina reece 


strength to yield stress ratio of about 0.48 which is comparable 
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metatigue strength to yield stress ratios observed in the 
9000 series aluminum-magnesium alloys [Ref. 13]. 

Hardness tests conducted on the fatigued specimens 
verify that cyclic hardening does occur in Samples tested with 
stress amplitudes in excess of the yield stress as shown in 
Figure 532. The subtle difference between the apparent levels 
of hardening between the oil-quenched and water-quenched 
Meeectials described earlier, gains Significance when the 
hardness results shown in Figures 22 and 32 are compared. 
Hardening does appear to be more pronounced in the oil-quenched 
material. This may be expected to occur in a material in 
which the solute atom concentration in solution has been 
reduced through segregation and precipitation on quenching. 

As explained previously, the decreased solute.atom concentra- 
tion is believed to be the most significant factor in accounting 
mOr the larger substructure cell size found in the o1l1-quenched 
material. The coarser microstructure would then be expected 

to harden under cyclic loading to a relatively greater extent. 

As in the oil-quenched condition, an increased volume 
fraction of second phase particles were found to exist in the 
low cycle fatigue specimens of the Al-10.2 wt pct Mg alloy 
solution treated, water-quenched and warm-rolled at 300°C. 
Figure 33 shows the bonded nature of precipitate formation 
Hapdeent to the main fracture surface (Figure 33(a)) and 
adjacent to the secondary cracks (Figures SS), Cel) schol (cle 


The specimen failed after 3400 cycles of fully reversed 
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bending fatigue at an applied stress amplitude of 49.9 KSI 
(344 MPa). The appearance of regions adjacent to the main 
fracture surface and secondary cracks shown in Figures 33 
resembles the microstructures presented earlier of similar 
regions in oil-quenched material (Figure 23). One subtle 
difference between the two groups of figures is apparent on 
close comparison. Precipitation appears to be less pronounced 
mememe water-quenched material (Figure 33). This is particu- 
larly evident in the regions adjacent to the main fracture 
surface. This feature may be linked in some way to differing 
levels of solute atom concentration caused by the varied rates 
of quench from solution treatment, however, at this point, 
fais 1S only speculation. As mentioned previously, it is 
unlikely that second phase particles of this size would 
nucleate and grow to this extent during the limited run time 
Ber the specimen. Coarsening is probably a result of accele- 
rated aging response at room temperatures due to the highly 
dislocated microstructure. 

Figure 34 shows transmission electron micrographs from 
thin foils prepared utilizing the specimen which failed after 
MgO cycles. A greater number of precipitates is present in 
comparison to the as-rolled condition shown previously in 
Figures 17 and 20. Additionally, comparison of the TEM micro- 
graphs in Figure 34 with those of the low cycle fatigued, 
oil-quenched specimen (Figure 24), implies that less 


Meceipitation has occurred in the water-quenched material. 
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Recognizing that TEM observations made from foils of aluminum 
meboys may be strongly dependent upon several factors, includ- 
mag the location within the specimen from which the foil is 
mexen, the plane from which the foil is cut, polishing 
Momaitions and the wide variety of artifacts which may appear, 
eae ObServation that perhaps second phase particle formation 
Mas occurred to a reduced extent under the stated conditons 

7S not considered to be conclusively supported. 

Pewee oseS an SEM@ifractograph of the fracture surface 
of a specimen which failed after 2000 cycles of fully reversed 
bending fatigue at a stress amplitude of 55 KSI (379 MPa). 
Both Stage II and Stage III regions of the surface are shown. 

Striations are widely spaced (Figure 35(a)) and there 
aS little evidence of void initiation having occurred within 
the Stage II fracture region. The overload region is that 
Mea relatively low energy fracture with small, finely dis- 
mersea dimples (Figure 35(b)). Several regions of intergra- 
Mular failure are evident but the surface is primarily that of 
meeransegranular fracture. Both coarse and fine dimples are 
present and are believed to correspond to the precipitate 
dispersion in the water-quenched material with the second 
mmase particles acting as void initiation sites. If this 
memrrue, comparison of Figure 35{b) and Figure 26 may be 
fepresentative of contrasts in the microstructures of the 
water-quenched and oil-quenched conditions respectively. 


Furthermore, if the dimples originate as a result of void 
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formation and coallescence, then the apparent absence of pre- 
Cipitates indicated in Figure 35(a) implies that second phase 
particles are perhaps more easily fractured and afford little 
resistance to Stage II crack growth in the water-quenched 
material. 

As in the oil-quenched condition, little evidence of 
Meerostructural changes occurring through conditions of inter- 
mediate and high cycle fatigue loadings could be found through 
optical metallographic techniques. Few secondary cracks were 
found to be nucleated and no evidence of an increase in the 
volume fraction of second phase particles was found. 

mucmi@emoo 15 42 SEM £fractograph of a sample which 
failed after 10600 cycles at an applied stress amplitude of 
emer KSL (276.5 MPa). Void formation is apparent in the 
striated regions with both coarse and fine voids clearly 
defined (Figure 36(a)). Transgranular and intergranular growth 
7S indicated. The overload region (Figure 36(b) also indicates 
a heavily dimpled pattern with regions of intergranular growth 
Seearly defined. The dimpled appearance of the Stage II and 
Seace Iii regions of the surface give the impression that, in 
this instance, crack growth has followed a region of material 
in which the precipitate volume fraction is comparatively 
arse with respect to the rest of the material. 

Eanmumtation of the microstructures of high cycle 
fatigue specimens utilizing transmission electron microscopy 


does reveal some microstructural dissimilarities when compared 
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Memeene microstructures observed in the as-rolled conditon 
mensures 17 and 20(b)). Figure 37 presents the microstructures 
observed from two foils cut from different sections of a sample 
Mimich failed after 4.2 x 10° cycles at an applied stress ampli- 
mee Of 21.2 KSI (146 MPa). Figures 37(a)} and 37(b) are views 
of the same region and same magnification but tilted differently 
to show the heavily increased dislocation density observed in 
M@eenigh cvcle fatigue foils from this material. Figure 37(c) 
is a foil taken from a different region of the specimen and 
also expresses an increased dislocation density over the 
microstructures observed for the as-rolled material. Also 
evident are regions which appear relatively dislocation free. 
mers) 1S Shown in Figure 3/7(a) and (b), which are tilted to 
achieve different beam diffraction conditions to verify the 
mresence or absence of dislocations. A similar effect is 
Bresent in Figure 37(c). O£ possible merit is the fact that 
Meowbtle ditference in the fatigue response between the oil- 
quenched material and the water-quenched material on a micro- 
structural level is apparent. The trend between the improved 
behavior of oil-quenched material over the water-quenched 
miloy, in terms of high cycle fatigue strength and fatigue 

mice gains some significance. This trend was noted earlier 

in discussing the experimental results of the water-quenched 
material and some degree of speculation was necessary due to 
the possibility of scatter involved in conducting the tests. 


With the additional evidence of existing microstructural 
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differences between the alloy when quenched in different mediums 
and tested under similar conditons, noting the trend appears 
more valid. 

Figure 38 shows the fracture surface of the sample 
which failed at 4.2 x 10° cycles as viewed using scanning 
electron microscopy. Both Stage II and Stage III regions of 
eme fracture surface are shown. 

Figure 38(a) shows Stage II crack growth with finely 
ee2ccd striations. Both transgranular and intergranular growth 
meceandicated. Figure (38(b) shows the overload region with 
some dimples and some grain boundary separation. The fracture 
appears to be that of a low energy, ductile failure. 

ies appropriate to note that the Al-10.2 wt pct Meg 
alloy solution treated, water-quenched and warm-rolled at 
500°C follows the trend toward an increased amount of grain 
boundary separation and intergranular crack growth as fatigue 
life is increased. This same trend was noted earlier in the 
discussion of the characteristics of the same alloy oil-quenched 
from the homogenization temperature. 


Perle rd owt pct Me-0.40ewt pet Cu Solution Treated, 


Oil-Quenched and Warm-Rolled at 300°C == 

Figure 39 shows the experimental results obtained from 
@ilewitaticue testing conducted on the Al1-8.14 wt pct Mg-0.40 wt 
Peescuealloy, solution treated, oil-quenched and warm-rolled 
meso) CC. the Basquin prediction is included for comparison. 

eetmc hardening appears to occur, and to a similar 


extent as with the Al-10.2 wt pct Mg alloy in the water-quenched 
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condition. However, hardness readings taken on fatigued spe- 
cimens remained within the range of hardness obtained in the 
mrolled conditions (71-78 Rawith amean hardness of 75 Rp). 
This facet of the cyclic behavior is in direct conflict with 
the binary alloy discussed previously. The degree to which 
the nonuniform alloying element distribution is affecting the 
Dehavior of the ternary alloy is not known. It is speculated 
that either the hardness remains constant under testing con- 
BeeeETOnNS aS in the case of an overaged material, or that the 
mameaness response 1S similar to that of an alloy containing 
Mieectpitates which are easily cut. In the latter case, the 
hardness may be expected to increase rapidly to some peak 
value and then gradually decrease under cyclic loading. The 
mama, Ot both conditions is attributed to Calabrese and Laird 
fRef. 30]. 

The high cycle fatigue response is also improved over 
the Basquin prediction and suggeststhe existence of an endurance 
limit beyond 10’ cycles with an associated stress amplitude 
meeagout 22 KSI (152 MPa). This corresponds to a fatigue 
Strength to yield stress ratio of about 0.44 which again is 
comparable to that of the 5000 series alloys. 

As in the previously discussed fatigue tests, an 
increased volume fraction of second phase particles appears 
Memex1st adjacent to the main fracture surface and secondary 
cracks of low cycle fatigued specimens of the Al-8.14 wt pct 


Mo-0.40 wt pect Cu alloy (in the oil-quenched condition). 
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This is shown in Figure 40 which presents micrographs of a 
specimen which failed after 1400 cycles of fully reversed 
bending fatigue at an applied stress amplitude of 46 KSI (317 
Mpa}. Banding of precipitates adjacent to the main fracture 
(Figure 40(a) and (b)), and adjacent to secondary cracks 
mereures 40(c) and (d))} is evident. Again, precipitates are 
@eereved to nucleate in slip bands under cyclic loading with 
growth occurring subsequent to the specimen failure. 

Figure 41 shows SEM fractographs of the Stage II 
meeion {(Ficure 4l1{a))}, and Stage III regions (Figure 41(b)) 
of the fracture surface of the specimen which failed after 
1400 cycles. Striations are widely spaced consistent with 
the high stress amplitude and large degree of crack growth 
em cyele. The overload region exhibits well defined coarse 
and fine dimples characteristic of a high energy ductile 
Mmelure. Crack growth in both stages is primarily transgra- 
nular with some regions of intergranular growth indicated as 
secondary cracks on adjacent planes linked with the main 
mroawth front. 

In concert with the binary alloys response, little 
merlence Gf microstructural changes occurring under higher 
mele Camditions was detectable utilizing optical metallogra- 
phic techniques. Few secondary cracks were found to be 
initiated in the specimens failing beyond 10% cycles and 
changes in the volume fraction of second phase particles were 


not observed. 
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Figure 42 shows Stage II and Stage III regions of 
fatigue crack growth (a and b, respectively) of a sample that 
failed after 110200 cycles with an applied stress amplitude 
of 30 KSI (207 MPa). Striations are more closely spaced and 
some grain boundary separation is evident as the front grows 
from One grain to the next in Stage II (Figure 4l(a)). The 
overload region is dimpled with precipitates acting as void 
MmaeetatioOn sites (Figure 41(b)). The fracture path is pri- 
marily transgranular with some intergranular growth occurring 
memtne front crosses the grain boundaries. The deep dimples 
correspond to a relatively high energy ductile failure in 
srage Ill. 

Decreasing the stress amplitude to below 25 KSI (172 
MPa) produced run times on specimens substantially in excess 
of 10’ cycles while levels above 25 KSI resulted in failure 
within the intermediate cycle fatigue regime. This suggests 
that an endurance limit exists at a stress amplitude in the 
med@enborhood of 22 KSI (152 MPa). Figure 43 shows the small 
microscopic cracks which originated at corners and were visi- 
ble at a magnification of 200x using an optical microscope. 
This is the only evidence of fatigue damage under such low 
stress, high cycle fatigue loading (23 KSI (157 MPa)). The 
cracks appear at 45° to the applied tensile component of 


meress. 
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eee sos lae Wt pct Mg-0.40 wt peer CU SOC LULTOM 6 Treated, 

Water-Quenched and Warm-Rolled at 300°C 

Figure 44 shows the experimental results obtained 
from the fatigue testing conducted on the Al-8.14 wt pct Mg 
-0.40 wt pct Cu alloy solution treated, water-quenched and 
marm-rolled at 300°C. The material appears to cyclically 
harden, but as in the case of the oil-quenched alloy, hardness 
readings taken on the fatigued specimens fail to verify the 
range of values obtained on the as-rolled material (75 Rp to 
82 Rp With a mean hardness of 80 Rp). As before, this feature 
conflicts with the behavior of the binary alloy and the degree 
to which the nonuniform alloying element distribution is 
affecting the behavior is not inown. The speculative comments 
made previously concerning the possible behavior apply here 
as well and are based on the studies conducted by Calabrese 
mma Laird [Ref. 30]. 

iMiimeentrast CO the previous discussions, the high 
cycle fatigue response seems more closely to approach the 
predicted response curve. Under conditions of high cycle 
loading, the Basquin prediction is more accurate and this 
observation may be considered significant despite the relative 
effects of scatter often encountered in conducting fatigue 
mests . 

Increased volume fractions of second phase particles 
appear adjacent to the main fracture surfaces and adjacent to 
@iemsecondary Cracks in specimens tested under low cycle 


maalemeconditions. This 1s shown in Figure 45 which presents 
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Bectical micrographs of regions adjacent to the main fracture 
surface (Figures 45(a) and (b) and to secondary cracks (Figures 
45(c) and (d)). The microstructures presented are from a sample 
that failed after 2700 cycles with an applied stress amplitude 
of 43.1 KSI (297 MPa). An increased volume fraction of second 
phase particles is notable adjacent to the main fracture path 
(Figures 45(a) and (b)) and the banded aspect in which they 
mmm ts alSO apparent. This is also shown, but to a lesser 
eeeecmt, at the blunt tip of the secondary crack shown in Fi- 
gure 45(c). Figure 45(d) indicates a sharp edged secondary 
crack with the banded second phase particles forming adjacent 
mothe crack and ahead of the crack tip. 

Feoune 46 shows Stage II and Stage III crack growth 
mor the same specimen. The striations indicated in Figure 
46(a) are widely spaced and the fracture appearance suggest 
some interaction between the growing crack front and the 
precipitates has taken place. Within the striations, preci- 
Pitates are found to be lying on the surface and the striations 
give the appearance that the crack front has looped around 
precipitates which were retained on the mating fracture sur- 
face subsequent to failure. Figure 46(b) shows the overload 
region with elongated dimples corresponding to voids which 
Maveswinitiated as a result of the presence of Second phase 
particles. Some grain boundary separation is apparent although 


the fracture surface is predominately transgranular. 


& 
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PSeeimecie Previous Cases, microstructural Chances 
could not be observed optically as the loading conditions were 
altered from those of low cycle fatigue to those of longer 
fatigue lives. 

Figure 47 shows SEM fractographs of a specimen that 
failed after 13.4 x 10° cycles with a stress amplitude of 
24.5 KSI (169 MPa). Stage II fracture appearance (Figure 
47(a)) shows more closely spaced striations than those shown 
in Fgire 46 which is consistent with the decreased stress 
amplitude. A similar interaction between the growth of the 
crack front and the second phase particles to that noted in 
Brew low Cycle fatigue Specimen is apparent. The overload 
region shown in Figure 47(b) is that of a ductile ela lee 
With a large degree of deformation. Some fine dimples are 
visible on close observation and secondary crack paths are 
miscO notable as the main crack altered its direction to acco- 
modate the second phase particles. 

Figure 48 shows the resulting fracture surface of a 
Beecimen that failed after 4.8 x 10° cycles with an applied 
meress ampiitude of 15.5 KSI (107 MPa). Both Stage II and 
Stage III regions of the surface are shown (Figures 48(a) and 
(b) respectively). Stage II fracture appearance exhibits 
more closely spaced striations, again with some evidence of 
possible interaction between the growing crack front and 
second phase particles. The overload region exhibits a duc- 


tile appearance with some dimpling and a high degree of 


64 





secondary growth paths occurring as the crack propagates to 


meilure. 


Mee GENERAL DISCUSSION 

It should be noted again that study of the fatigue response 
of any alloy system is difficult. The characteristics must be 
documented and verified through studies in which the material 
is tested utilizing different testing modes and specimen designs 
to ensure that documented trends are consistent. Only when 
studied in this manner does the data become useful from a design 
standpoint. This feature has been noted previously by Mondolfo 
fRef. 17] in commenting on Al-Zn-Mg alloys. Verification studies 
are also necessary in order to adequately account for the wide 
degree of scatter in data encountered in fatigue testing. This 
Study represents a first analysis of the fatigue behavior of 
warm-rolled high-magnesium aluminum-magnesium alloys and will 
require additional effort and verification of the trends noted. 

The tensile behavior of the allov in the o1il-quenched con- 
imeton Supports the findings of Johnson [Ref. 7]. However, the 
meerostructural analysis conducted during the coarse of this 
experiment shows the primary strengthening mechanism to be the 
diffuse dislocation substructure developed during warm-rolling. 
[mis contradicts the results of preceding efforts [Refs. 1-7] 
and is based upon the microstructural evidence obtained through 
transmission electron microscopy. 

Precipitates are non-uniformely dispersed and the system 


favors the formation of coarse particles rather than uniformly 
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dispersed fine particles. The diffuse dislocation cell struc- 
ture of the alloy in the oil-quenched condition appears to 
exhibit an average cell diameter of about 0.33 um, With the 
amcersections of cell walls acting as nucleation sites for 
Beeond phase particle formation. As the particles nucleate 
aienerow, the local dislocation density adjacent to them 
appears to decrease and in that sense, second phase particle 
formation seems to be a recovery event. 

Micmovsenved microstructure shows the alloy to be a solid 
solution, work hardenable material and the tensile response 
is very similar to that of the 5000 series alloys (which are 
classified as work hardenable alloys) [Ref. 13]. Serrated 
femetaGins 1S apparent, aS with other solid solution alloys, 
and the yield strength and ultimate tensile strength are con- 
sederably higher than those observed in the 5000 series 
aluminum-magnesium alloys. 

It should be noted that aluminum alloys in general offer 
meenallenge in accomplishing TEM analysis of the microstructure. 
The appearance of artifacts, the plane from which the foils 
feewcaxen, the polishing procedure and the tendency for uneven 
mianiine due to varying alloying element concentrations or 
Peomeampiasecuparticles can grossly affect the observed micro- 
Beale tices. In analyzing the microstructure during the coarse 
Bemtirs study, the plate thickness of the materials dictated 
that foils be prepared from a plane parallel to the rolling 


Dieame due to the polishing procedure utilized. In this 
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respect, additional information concerning the grain boundary 
regions was not detectable to any degree of certainty. Addi- 
tionally, the precipitates formed were larger than the foil 
thickness by several times and showed a strong tendency to be 
mesied Out during the thinning process. This left a region 
matcn was thinned to a greater extent outlining the site ori- 
Benalily occupied by precipitates. Justification was accom- 
plished by examining foils of materials which were taken in 
meeeaooquenched and the quenched and artificially aged 
Bonditions to verify the precipitate morphology. These 
Mmeerostructures were shown previously in Figures 18 and 19. 

Additional TEM analysis of foils taken from long transverse 
and short transverse planes will be worth while and provide a 
Detter understanding of the microstructure. 

Mince ratiroue response of the Al1-10.2 wt pct Mg allov 
solution treated, oil-quenched and warm-rolled at 300°C follows 
ne trends of solid solution, work hardened alloys [Ref. 30]. 
The material cyclic hardens under high stress amplitude loading 
conditions to a substantial degree and appears to exhibit an 
endurance limit beyond 10’-cycles with a fatigue strength to 
fees teess ratio in excess of 0.6. This also 15 Characteristic 
of solid solution, work hardened alloys as stated by Boyapati 
and Polmear [Ref. 13]. 

Water-quenching the Al1-10.2 wt pct Mg alloy from 
Penogenmeation and then processing it in similar fashion seems 


Bomeresiltein refinement of the microstructure with respect to 





. 


the substructure developed during warm-rolling. The average 
cell diameter within the substructure is on the order of 0.1 
um (as opposed to 0.33 um using the slower rate of quench). 
The microstructural refinement provides a slight increase in 
the observed ultimate tensile strengths and ductility of the 
material. Ordinarily, refining the substructure by a factor 
Or three may be expected to provide a greater strengthening 
Sexect and a more marked increase in ductility than was 


meeemved, In the Hall-Petch relationship [Ref. 31] 
“y “9 J Kai’ Je 
mae Contribution of K.. BOG ae ace. Centen cubiLe- mace, 1.2 le mic 
meroelan <£Or a body center cubic material. Therefore, the 
ercers Of Tain size (or substructure) are more subtle from 
mestrengthening standpoint. 
Water-quenching the allov appears to have an adverse 
effect on the fatigue behavior of the alloy. The degree to 
Baiich the material was found to cyclically harden is somewhat 
Meaduced and the fatigue strength to vield stress ratio was 
meso reduced to about 0.48. This is thought to be related 
to the decreased strains reauired to achieve increased dislo- 
meelon canceling within the refined substructure. In this sense, 
Slip band formation becomes easier and the fatigue response 
memeoraded as bDbserved. As stressed earlier, this bears 
mecthner analysis and verification. 


Memtsedrtticult to make conclusive arguments as to the 


effects of copper within the system on the tensile behavior 
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and on the fatigue behavior of the alloy. As explained earlier, 
analysis of the cause for the materials resistance to being de- 
mermed under warm-rolling conditions indicated that a nonuni- 
form alloying element distribution may have contributed to the 
meoplcm. the effects of this nonuniform condition on the over- 
all properties of the alloy are not known and will bear 
subsequent study. 

iieepunpose of the copper addition is to provide refinement 
Decne microstructure. Based on the work of Boyapati and 
Palmear [Ref. 13], additional study as to the proper amount of 
metining e€lement addition and the correct solution treatment 
is warranted. Bovapati and Palmear worked with an Al-5 wt pct 
Me alloy and studied the effects of varying amounts of silver 
(a refining element) on the microstructure and the fatigue 
Mesponse Of the material. Due to the similarities in general 
effects realized by the addition of copper to aluminum-magnesium 
peeloys as discussed by Mondolfo [Ref. 16] some benefit may be 


mealized by conducting a study of that nature. 
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V: CONCLUSIONS AND RECOMMENDATIONS 


fe) CONCLUSIONS 


Me stated previously, the objectives of this research was 
to provide an initial characterization of the fatigue response 
of high-magnesium aluminum-magnesium alloys when processed 
utilizing Johnson's [Ref. 7] standardized thermomechanical 
Muoecess. Analysis was carried out emphasizing the microstruc- 
Meral cGhanges which occur under cyclic loading Sond ke leis 
Mrewcoals of the study have been attained; however, subsequent 
memadyein this area is warranted in order adequately to insure 
Bile accuracy of the trends noted with respect to the behavior 
of these alloys under fatigue loading. 

The primary strengthening mechanism within the Al-10.2 
wt pct. Mg alloy system was determined to be the dislocation 
substructure developed in these materials under warm-rolling. 
Preceding work [Refs. 1-7] suggested that the strengthening 
mechanism was a uniform dispersion of fine precipitates 
within the base material. Conversly, the observed microstruc- 
ture throughout this study was that of a solid solution, work 
hardenable material in which the precipitates are relatively 
coarse, nonuniformly dispersed, and hence ter Mac tle rem 
a strengthening standpoint. 

The fatigue behavior of the Al-10.2 wt pct Mg alloy, when 


oil-quenched from homogenization temperature and then 
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subsequently warm-rolled to final plate thickness, was found 
Closely to resemble the behavior of the 5000 series alloys. 
It appears to exhibit an endurance limit with a fatigue-strength 
to yield-strength ratio in excess of 0.6. When processed in 
a Similar fashion with the quenching medium from solution 
treatment changed to water, the alloy appears to exhibit a 
somewhat degraded response. In this condition, the fatigue- 
Strength to yield-strength ratio was reduced to 0.48. Cyclic 
hardening was observed to occur in both conditions where the 
materials were loaded at stress amplitudes in excesss of the 
pueld-strength. Again, the more rapidly quenched material 
appears to cyclically harden to a lesser degree. 

Puenening the Al-10.2 wt pet Mg alloy more rapidly from 
homogenization temperature appears to result in amore refined 
Marerostructure upon completion of warm-rolling. The average 
cell size of the dislocation substructure was reduced by a 
eecen Of three as compared to the substructure of the oil 
quenched material. The slightly improved strength and ducti- 
lity observed in the water-quenched material is attributed to 
the observed microstructural refinement. 

Memmcmcmeeicult to make conclusave comments on the beha- 
vior of the Al-8.14 wt pct Mg-0.40 wt pct Cu alloy due to the 
nonuniform alloying element distribution within the material 
when quenched from homogenization temperature. The degree to 
which the nonuniform distribution effects the response of 


this alloy is not known except that trends similar to Balls ie 
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noted with the 10 wt pct magnesium alloy were noted in this 
feoeem With respect to the rate of quench from solution 
treatment. 

Perlimaremaevtvermination of microstructural effects within 
meeoce alloys requires the support of optical metallographic 
techniques with scanning electron microscopy and transmission 
Peectren microscopy. Only at magnifications attainable through 
the use of transmission electron microscope can changes within 
the microstructure with respect to the dislocation network be 
Beserved. 

The high-magnesium aluminum-magnesium alloys show promise 
Meee m respect to the increased strenth-to-weight ratio and 
Meparentiy excellent fatigue behavior. Further study of these 
alloys is warrented and necessary to verify the behavior of 


the alloys before they can be used commercially. 


B. RECOMMENDATIONS 

Baceasupon the results of this study, the following re- 
commendations for subsequent research apply: 

1. The standardized thermomechanical process developed 
by Johnson [Ref. 7] appears to be inadequate with respect to 
the amount of solution treatment given to those alloys in 
which microstructural refinement is achieved through alloying. 
Both the amount of alloying element addition as well as the 
correct time at homogenization temperature, should be 


investigated. 


Pe 








Eee verification studies on the fatigue behavior of these 
alloys should be initiated utilizing different test modes and 
specimen designs in order to insure the alloys respond as 
Observed in this work. Measurement of crack propagation rates 
and the effects of spectrum loading with and without hold 
periods should be included in these studies. 

Pee cdditional microstructural analysis should be con- 
ducted utilizing transmission electron microscopy with foils 
Meepared from various planes in order to gain additional 
Pmowbedee of the microstructure and the regions adjacent to 
grain boundaries. 

fe Corrosion Studies involving the susceptibility of the 


Mieioys to stress corrosion cracking and to general corrosion 


meee required and have been initiated. 
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mi GURE 7. Regions of intergranular cracking in billets of 
pee o 14 wt pet Me-0,.40 we pet Cu solution treated 
and water-quenched. Cracking occured in both 
Pelbbets atter 2 passes in rolling mill {rolling 
temperature 300°C) 
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FIGURE 12. Optical micrographs of the A= 10.2 WEeopet M2 abo, 
oil-quenched from homogenization: (a) longitudinal, 
(b) long transverse, (eles more mundane vceroc 
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FIGURE 13. Optical micrographs of the Mle LO scewi per loealkoy , 
water-quenched from homogenization: (a) Nome ttle ind) 
(Bueebong transverse, (ey shone Eransyverse 
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FIGURE 14. Optical micrographs of the Al-8.14 wt pct Mg-0.40 
weeepct Cu alloy, oil-quenched from homogenization: 


Cy tong 1 tudinal, (b) long transverse; (ees lee te 
fransverse 
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meGURE 15. 


ihe 


es, 
My 


oy 


Optical micrographs of A1-8.14 wt pct Mg-0.40 wt 
pct Cu alloy, water-quenched from homogenization: 


(a) longitudinal, (b) long transverse, (c) short 
transverse 
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SI GURE 
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a. 0.19 ym 0.25 pm 
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Regions of thin foils of Ai-10.2 wt pet Mg, oils 
quenched from homogenization, in the aso riled 
condition indicating (a) heavily dislocated region 
similar to that expected of a cold worked material; 
(b) coarse precipitates which have sheared during 
subsequent rolling passes, and the diffuse cellular 
substructure; (c) light regions outlining original 
Locations of precipitates and heavily dislocated 


Seeuc CULe 
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Cc. 0.08 um 


PeouReE 1/7. Regions of thin foils of Al-10.2 wt pct Mg, Water- 
quenched from homogenization, in the as-rolled con- 
deeion indicatime (a) heavily dislocated and diffuse 
Cellular substructure; (b) same region as (a), but 
tiebeed (Cc) cellular nature of Substructure more 


clearly defined at higher magnification 
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BeGURE 18. 


Thin f0i1 micrographs of Al-10.2 wt pct Mg, solu- 

tion treated and oil-quenched, indicating: (a) 
Precipitates FORMIng within GPezones. with disleca- 
tdons pinned; (6b) graim boundary, with GP zones well 
Seianed tO tie right througnerilting, (c) ¢rain bound- 


ary triple point with precipitates nucleation in the 


grain boundaries; (d) precipitates nucleated within 
Ciazone’s 


il 











meG@URE 19% 


ie rOlncwrOte ieee Deemiigmess TITicCially aged 
(a) oil-quenched from homogenization showing sites 
Originally occupied by second phase particles; (b) 
ol-cquenched from homogenization, relatively free 
of precipitates with small dislocation density; (c) 
and (d) water-quenched from homogenization showing 
precipitate growth during aging at 300°C with dis- 
locations believed generated through increments 
volume occupied by second phase particles 
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PLGURE 


9) 
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(b) 


AL-10.2 wt pct Mg TEM micrographs contrasting 
cellular substructure of as-rolled materials 
when (a) oil-quenched from homogenization, and 


(b) water-quenched from homogenization. both 
materials were warm-rolled at 300°C 
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70 
Al-10.2 wt PCT Mg 
60 a SOLUTION TREATED, 
OIL QUENCHED AND 400 
WARM ROLLED AT 
300°C 
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FIGURE 21. Stress Amplitude vs Cycles to Failure for A1-10.2 
wt pct Mg Solution Treated, 0Oil-Quenched and Warmn- 
Ro bled vats 500°C 
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Bese RE 23. 


FA: 
= 


feta F 


Optical micrographs of a low cycle fatigued 
Specimen of Ail-10.2Z wt pet Mo solution treated, 
oil-quenched and warm-rolled at 300°C: (a) adjacent 
to the main fracture surface; (b) adjacent to the 
Wate tTacture SUreace 9c) adjacent to the main 
fracture surface (dark field image); (d) adjacent 
to secondary crack (dark field image) 
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Peroke 25. ocanning Electron Fractographs of stage II crack 
BRowth GegitOn Of va Specimen ou Al-10.2 wioper we) 
oil-quenched from homogenization. Failure occurred 
after 3500 cycles of fully reversed bending fatigue; 
ay) ROO eb Jee 2,00 x 
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FIGURE 27. (a) Regions of ~tage Sei eraemwes owt nein a Specimen 


CaO ace Wee pet emo mlmamenched trom homogenization 
temperature which fractured after 1.81 x 10 cycles: 


(b) overload region of the same Specimen (SEM x 1050) 


100 














force 








ivonsmrsstOn Eleerron Microcrapns of thin foils 
Gaicen trom aeplane panaise) tomtne rolling plane 
Of Al-10.2 wt pet Mg alloy, Oll-quenched from 
homogenization and warm-rolled at 300°C. failure 
occurred after 4.4 x 10° cycles 
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PemowRE 29. 
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“4 


Transition from stage I growth to stage II growth in 


Al-10.2 wt pct Mg, oil-quenched from homogenization 
ie 1 Oecd at 50 02@ an athurospiGcultcd. da ter 


4.4 x 10° cycles of fully resersed bending fatigue. 
(a) SEM fractograph x600 (b) SEM fractograph x1200 
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FIGURE 30. (a) Fully developed Stage II crack growth of same 
Specimen shown in Figure 29; magnification 1100x 


SEM; (b) Stage III fracture appearance; magnifica- 
mon F250x- SEM 
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Siimeoo AMPEINUBe VS CYCLES 1@ FAI URe 


500 


Al-10.2 wt PCT Mg 
SOLUTION TREATED, 


WATER QUENCHED & 400 
WARM ROLLED AT 
300°C 
© 
” 300 ac 
x = 
be F 


BASQUIN PREDICTION” 


200 
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f? Sr Cres 


meee SI. Stress amplitude vs cycles to failure for Al-10.2 
wt pct Mg solution treated, water-quenched and 
warm-rolled at 500°C 
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6.25 pm 


Optical micrographs of low cycle fatigued specimen 

of N1-10.2 wt pet Me Selution treated, water-quenched 
and warm-rolled at 300°C: (a) adjacent to the main 
fracture surface, (b), (c) and (d) adjacent to 
secondary cracks (dark images) 
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Beene oo. oEM fractograpms Of At=1022 wt pct Mo, solution 
Precaued) Wacer -Guencicaminamwartin-=-rolied at 300°C, 
Mimi eCheracture oGCGumuedmamter S400) cycles: (a) 
Stace il crack Srowthe.1050,5(b) overload region 
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item forte lem miCcrocrapiisSmemm.t-10.2 wt pct Meg, 
water-quenched and warm-rolled at 300°C, in which 
failure occurred after 4.2 x 10° cycles: (a) regions 
mito distOcdtton aeloteveenuerclatively disloca- 
tion free zones; (b) Same region as (a) except 
Matted: (Cle hcctonmo Ml or ecemenose Shown itm (a) and 
Gb buc auomededitteuentasjccmenno: the fatigue 
Specimen 
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FIGURE 38. SEM fractographs of Al-10.2 wt pct Mg, solution 
treated, water-quenched and warm-rolled at 300°C, 
witch tative Occ itmeedsetamens4 72 x 10° cycles: 


oy Stace Mi crachcu wien. (b) Stage III 
Crack Crowtl «1050 
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SURESS AMEEINUDE VS. @yClss 10 FeieURE 


6 500 
A!-8.14 wt PCT Mg-0.40 wt PCT Cu 
SOLUTION TREATED, OIL QUENCHED 
_ & WARM ROLLED AT 300°C 
60 9 
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N_, CYCLES 


mmeouRE 59. Stress amplitude vs cyeles to failure for Al-8.14 
me pet Me-0.40 wreovetGle sotu@ion treated, o11- 
quenched and Warm-folled at 300°C 
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PIGURE 40; 


6.25 jim 





Optical micrographs of a low cycle fatigued spe- 
cimen of Al1-8.14 wt pct Mg-0.40 wt pet Cu, solu- 
tion treated, oil-guenched and warm-rolled at 
foe: (ajoad)iacchit (tomenomiammmr ractuire surtace: 
(b) adjacent to the Main fracture surface; {c) 
Sceondary Cracks Origimacinmgeae the main fracture 
Surface; and (d) Secondary cracks (dark image) 
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(b) 
FIGURE 41. SEM frractographs of a specimen of Al1-3.14 wt pct 
Nose 0 We pel Cl OMmlnonrneer ued. O1il-quenchied 
Smaewarm-colled at fUGmesmmneteiten failure occurred 


aeger N00 cycles Miamoceoemia crack erowth x1050; 
(b) Stage III crack growth x1050 


114 











SS. 
SNS 


) 


(b 


a 08 

© 

hy 
Hr 
OLD 
(ay eo el Oe 
UO UY 
Se ee @ 5 rd 
= ® oO 
—~—> ® 
J oe OU 
re4o1 DO 
a oon El oon BS OD) 
CO-ded UM 
i Om a © 
— Uy fy rd 
<a Or 
AD i 
GQ4O OMG 
O Perth 
es fs 
2 O2=-0.-0 
oO & OD 
Ep Cf Gd dh 
“co ‘Hd pV 
C= Cea 
OTe + U 
BET! OO) Fam 40: 
NM HPo td HM 
3 ONwN UO 
CG rt © 
Ot yd »ateIi 
Ww wn I 
O HY Or 
B50 | 
Uy te) UO wo 
= a, ae Ob 
mH OO ® 
co Or Se 
iM Ot OY) 
orp) sc 
OP HN re 
ee eee 26) 
U Ed 
GO Hr 
Set ares 
GU, «© S&S bt © 
cS (Pom) 
= 1 UPO 
fy bd Rm tH re 
ee a, CO 


PauGURE 42. 
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Meee 45. Microcrack formation om the Surface of Al-8.174 wt 
pet Mg-0.40 wt pct Cu Sielutiom treated, oil-quenched 
and warm-rolled at 300°C. test terminated after 10’ 
cycles without failure 
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STRESS AMPLITUDE VS. CYCLES TO FAILURE 500 
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FaGURE 
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Optical microgranhs 
Toe oe A) - 6) le Cm omewenceme tt Cuyesolution 
treated, water-quenched and warm-rolled at 300°C: 


(a) Yregion 
(b) region 
(c) region 
m@irdek. and 
a crack tip 





of a low cycle fatigued speci- 
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EGU Ee4 (oem ractoOcTraphisy Clete womoct Mo-O/80 wt pct 
Gu, SOluUtiOnN tured tedemmiasen-qumenencd, and warm- 
rolled at 300°C. “ineretemamrure occurred after 
1502 x 10° Cycles me cmeeetoem Me crack crowth x1000; 
(b) Stage III crack growth x1050 
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FIGURE 48. SEM fractographs of Al-8.14 wt pct Me-0.40 wt pct 
Cu, solution treated, water-quenched and warm- 
Polled at S00 Co dum iwemeratiure occurred after 
Hees x 10° eyCles aCe etree crack growth x1200; 
(ob) Stage lll erackeemowthe = 200 
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